Summary. The adrenergic and cholinergic innervation of the bladder was studied in streptozotocin-diabetic rats. The presence of hypertrophy and distension in the 'diabetic' bladders necessitates care in assessing changes occurring in the nerves, factors which are also relevant to clinical histochemical studies. Biochemical assays of cholinergic enzymes revealed decreased activities per g wet weight tissue. However, the total activities of choline acetyltransferase and acetylcholinesterase per whole bladder were significantly increased after 2 weeks of diabetes with greater changes by 8 weeks. Total dopamine levels per bladder were significantly higher than in control rats in the 2-week but not the 8-week group of animals; this may indicate an initial increase in adrenergic nerve activity. There was no impairment in the ability of the detrusor muscle to respond to noradrenaline, acetylcholine or to cholinergic nerve stimulation. Shortly after induction of diabetes streptozotocin-treated rats display polyuria. It is proposed that the activity of the bladder is therefore stimulated to allow greater volumes of urine to be passed. The results are discussed in relation to human diabetes mellitus where clinical studies have implicated a neuropathic origin to bladder dysfunction.
Clinical studies on bladder function in patients suffering from diabetes mellitus have reported that an early indication of dysfunction is increased bladder capacity and size, the incidence of such abnormalities has been reported as being as high as 87% in a group of juvenileonset diabetic patients [21] . Later stages are associated with atony of the bladder and urinary retention [16, 21, 29] , and recent literature reveals that the clinical treatment of these symptoms is still under discussion [19, 32, 39] . Several studies have correlated the presence of abnormalities in the bladder with signs of peripheral neuropathy [4, 5, 17] . In addition, clinical investigations of bladder innervation and function have led to the conclusion that bladder dysfunction is a manifestation of autonomic neuropathy in diabetes mellitus [3, 7, 15, 20] . In particular, a defect in the sensory nerves of the bladder has been implicated as the cause of bladder distension in diabetic patients, whilst incomplete bladder emptying occurs as a result of impaired detrusor activity [5, 6, 16, 36] . Histochemical studies on diabetic patients [20] and the diabetic Chinese hamster [10] have revealed reduced staining for acetylcholinesterase in the 'diabetic' bladder, and consequently it has been suggested that an alteration in the cholinergic innervation of the bladder may be one factor involved in bladder dysfunction.
In the present investigation, bladder dysfunction was studied in the early stages of streptozotocininduced diabetes in rats, an animal model of juvenileonset diabetes. Distension and hypertrophy of the bladder occurred rapidly after the onset of diabetes, and the adrenergic and cholinergic innervation of the bladder was examined using biochemical, pharmacological and histochemical techniques.
Materials and methods

Induction of diabetes
Diabetes was induced in adult male Wistar rats (400-450 g) by IP injection of buffered streptozotocin (65 mg/kg). The onset of diabetes was confirmed by testing the urine for glucose (Clinitest reagent tablets). Animals were maintained for 2-and 8-week periods, food and water being provided ad libitum. Animals of the same initial weight range were used as controls and maintained under identical conditions for similar periods of time. Urinary output was measured in both control and diabetic rats kept in metabolic cages for periods of 24 h. Blood samples for plasma glucose analysis were taken, under ether anaesthesia, from the inferior vena cava immediately before sacrifice.
Histochemistry
The entire bladder together with a small portion of the proximal urethra was dissected from 8-week diabetic and control rats. Specimens were emptied of contents, rinsed in Krebs' solution and cut transversely at the mid-point region of the bladder body. Both portions were mounted in cryostat embedding medium and frozen in liquid nitrogen-cooled isopentane. Sections (10 gm) were cut using a cryostat at a cabinet temperature of -20 ~ with a blade cooled by dry ice. Consecutive transverse sections of both the bladder body and the proximal urethra were stained: (a) for catecholamines by the paraformaldehyde fluorescent histochemical method [22] using an incubation period of 1 h; (b) for acetylcholinesterase using a direct staining technique [30] . Incubation with acetylthiocholine iodide was carried out for 1.5 h. Butyrylcholinesterase activity was inhibited by pre-incubation of the sections with tetraisopropylpyrophosphoramide (ISOMPA 10 -5 mol/1).
Pharmacology
Strips of detrusor muscle (approximately 10 mm x 3 mm) were incubated in modified Krebs' solution [8] at 37 ~ in a 20-ml organ bath bubbled with O2/CO2 (95:5%). Tissues were allowed to equilibrate for 1 h. Isometric tension was measured using a Grass FT10 force-displacement transducer and was recorded on a Grass Model 7D polygraph (Grass Instruments, Stag Instruments, Henley-on-Thames, UK). An initial load of 0.5-1.0 g tension was placed on each preparation. Electrical stimulation was carried out at supramaximal voltage using a Grass SD9 stimulator by means of a pair of ring electrodes approximately 3 mm apart surrounding the muscle strip. Frequencyresponse curves were obtained using stimulations of 10 s duration with a pulse width of 0.3 ms over the frequency range 0.5-20 Hz in the presence and absence of atropine (3.5 x 10-6 tool/l). Responses of the tissue to acetylcholine were measured over the drug concentration range 10-6-3 x 10 -4 tool/1. The reduction in tissue response to electrical stimulation caused by noradrenaline ( 1 0 -6 -1 0 -4 mol/1) was measured by giving two test stimuli at 10 Hz (parameters as above) followed by stimulation in the presence of noradrenaline. Recovery of the bladder strips was confirmed by further stimulation after the drug had been washed out. Concentration-response curves to acetylcholine and noradrenaline were both non-cumulative.
Biochemical assays
Rat bladders were dissected to include the entire body and a small portion of the neck proximal to the entry point of the ureters. Tissue was rinsed in Krebs' solution, blotted dry and immediately frozen and stored in liquid nitrogen.
Noradrenaline and dopamine levels were determined using high performance liquid chromatography with electrochemical detection. The extraction procedure, slightly modified by the addition of 0.1 mmol/1 EDTA in the solution used for washing the alumina, was that of Keller et al. [31] . Chromatography was carried out at a flow rate of 1.5 ml/min using a mobile phase consisting of 0.1 tool/1 sodium dihydrogen phosphate, 0.1 mmol/1 EDTA, 5 retool/1 heptane sulphonate (pH 5.0) containing 13% (v/v) methanol on a g-Bondapak C-18 reverse phase column. Detection and quantitation were accomplished with a waxy carbon paste electrode set at a potential of + 0.72 V. Noradrenaline and dopamine levels were corrected for recovery using dihydroxybenzylamine as an internal standard [37] .
Whole bladders were homogenised in distilled water (tissue concentration 100 mg/ml) using a motor driven glass-glass homogeniser. A spectrophotometric method was used for the estimation of cholinesterase activity with both acetylthiocholine iodide and butyrylthiocholine chloride as substrates [18] . It should be noted that whilst not providing absolute values for butyryl-and acetylcholinesterase activity, the use of both substrates does give an indication of their relative hydrolytic activity. Samples consisted of homogenates (5 mg/ml) in 0.1 mmol/1 phosphate buffer (pH 8.0) which had been stored for < 1 week in liquid nitrogen. Further aliquots were diluted 1:1 in 20 mmol/1 EDTA, 2% (v/v) Triton X-100 and rehomogenised. These samples were assayed immediately for choline acetyltransferase activity by a radiochemical method [23] .
All tissue from diabetic and control rats received identical treatment, and it was confirmed that under the conditions used for the enzyme assays activity was linear with respect to both time and concentration of tissue in the homogenate. It was established that homogenates could be stored for at least 1 week in liquid nitrogen without loss in cholinesterase activity, but choline acetyltransferase had to be assayed immediately after homogenisation.
Source of chemicals
Acetylcholine chloride, acetylthiocholine iodide, butyrylthiocholine chloride, dopamine hydrochloride, noradrenaline bitartrate (Sigma); 
Statistical methods
Results are expressed as mean _+ SEM and the data were compared using Student's t-test. A level of probability, p ~< 0.05 was considered to be significant.
Results
All diabetic rats showed rapid weight loss, glycosuria and hyperglycaemia. Measurements of 24-h urinary output revealed significant polyuria in diabetic rats (196 _+ 32.2 ml versus control 17 ___ 9.5 ml; n = 4 for each group, p < 0.001). On sacrifice, the bladders of diabetic rats were distended, and measurements indicated an increase in total bladder weight. After 8 weeks of diabetes, the weight increase was marked, bladders from diabetic rats being approximately three times heavier than those of control rats (319_25.2mg, n=17 versus control:
Histochemistry
The intensity of acetylcholinesterase staining was consistently reduced in the bladder of 8-week diabetic rats when compared with controls, and an example of this is shown in Figure 1 . The reduction in staining was found mainly around the muscle fibres in the body of the bladder. The neck region, however, revealed no consistent pattern of change in acetylcholinesterase staining in diabetic tissue.
Catecholamine fluorescence histochemistry revealed sparse adrenergic innervation in the wall of the bladder body which was similar in both diabetic and control rats. In control animals, catecholamine staining changed along the length of the proximal portion of the urethra studied (Fig. 2) . Fluorescence intensity decreased as serial sections approached the area where the urethra entered the bladder body. A similar pattern was seen in 8-week diabetic tissue.
Pharmacology
Detrusor muscle strips responded to exogenous application of acetylcholine by contracting. The atropinesensitive component of the response of the detrusor to electrical stimulation represents stimulation of the cholinergic nerves in the bladder body. The concentration- 
Biochembtry
Cholinergic enzyme activities have been expressed in terms both of total activity per bladder and activity per g tissue (Fig.4) . Total choline acetyltransferase and acetylcholinesterase activities per bladder were significantly increased in both the 2-and 8-week diabetic animals when compared with controls, with a greater change in the longer time period (2-week diabetic versus 8-week diabetic: p < 0.01 and p < 0.05 for choline acetyltransferase and acetylcholinesterase, respectively; Fig.4) . The pattern for butyrylcholinesterase, however, was different: whilst an initial significant increase was found after 2 weeks, this appeared to be transient since the 8-week levels were similar in both diabetic and control animals. When results were expressed per g tissue, statistically significant decreases occurred in both choline acetyltransferase and acetylcholinesterase (Fig. 4) . There was no difference between the levels found in bladders at 2 and 8 weeks of diabetes. Butyrylcholinesterase activity was not significantly different from controls 2 weeks after induction of diabetes but was greatly reduced in the 8-week series.
Noradrenaline and dopamine levels are given in Figure 5 . In the 2-week series, there was no significant change in the noradrenaline content per bladder but an approximately threefold increase in dopamine levels was found in the 'diabetic' bladder (p < 0.02 versus controls). However, following 8weeks of diabetes, noradrenaline and dopamine levels per bladder were similar to control values. The noradrenaline content per g tissue was decreased in both 2-and 8-week 'diabetic' bladders although the decrease was not statistically significant. Dopamine levels per g tissue were similar to controls after 2 weeks of diabetes, whilst in the 8-week series dopamine levels were significantly reduced.
Discussion
Cholinergic nerves are partly responsible for contraction of the detrusor muscle facilitating bladder voiding [27] . In the present study, pharmacological experiments revealed a trend towards a greater response in the 'diabetic' detrusor to stimulation of cholinergic nerves and exogenous application of acetylcholine. The results were not statistically significant and may reflect different properties in the hypertrophic bladder during contraction; they do not however, reveal any impairment of the ability of the detrusor muscle to contract nor do they suggest a deficit in cholinergic nerve function in the rat bladder in the early stages of streptozotocin-induced diabetes.
A deficit in cholinergic activity in the 'diabetic' bladder has been implicated by reduced histochemical stain, ing for acetylcholinesterase in man and the diabetic Chinese hamster and it has been suggested that this may be responsible for impaired detrusor activity [10, 20] . A reduction in the density of acetylcholinesterase staining was found in the bladders of the streptozotocin-diabetic rats reported here. However, this may be misleading because in intestinal musculature that is hypertrophic but not denervated, the density of innervation is greatly reduced [25] . Thus, hypertrophy can cause an apparent change in the histochemical staining for acetylcholinesterase without proving a decrease in enzyme activity. This underlines the caution required before accepting histochemical studies alone as evidence of changes in nerve function, especially when distension and hypertrophy occur. Such factors should be taken into consideration both in experimental diabetes and in clinical studies. The present investigation is the first reported study to provide additional biochemical and pharmacological assessment of cholinergic nerve function in the bladder in experimental diabetes.
Choline acetyltransferase activity has frequently been used as a reliable marker of either decreased or increased cholinergic nerve activity. In this study, biochemical measurements of choline acetyltransferase and acetylcholinesterase revealed apparently contradictory results depending on how enzyme activity was expressed. Both methods have been included in the present work because they are relevant to the problems of studying nerve function in a tissue where non-neuronal elements are also undergoing change. The marked increase in total bladder weight invalidates the decrease found in enzyme activities when expressed per g tissue. This argument applies equally to the measurement of noradrenaline and dopamine levels. A similar situation has been described in studies on choline acetyltransferase activity in rat heart and bladder following chemical and surgical treatments which produced both increased and decreased organ weight [12] [13] [14] . In these investigations estimations of changes in enzyme activity were based on total activity per organ. Furthermore, it has been shown that a gain in bladder weight or bladder wall stretch does not, per se, cause total choline acetyltransferase activity per bladder to increase [14] . That neither total butyrylcholinesterase activity nor total catecholamine levels per bladder were different from the controls in 8-week diabetic rats further supports the conclusion that the increases found in total choline acetyltransferase and acetylcholinesterase activities per bladder represent significant specific changes in cholinergic activity rather than an automatic consequence of increased bladder size. The initial response of the bladder in streptozotocin-diabetic rats therefore involves increased use of the detrusor as demonstrated by hypertrophy with increased total cholinergic enzyme activity per bladder.
Adrenergic innervation of the bladder provides an inhibitory input to the bladder body and an excitatory input to the trigone and smooth muscle of the urethra [27] . Catecholamine fluorescence histochemistry of the normal rat bladder has revealed sparse adrenergic innervation of the detrusor muscle whilst the trigone area and bladder neck have a rich supply of adrenergic fibres [1] . In the present study catecholamine fluorescence was sparse in the bladder wall of both 'diabetic' and control tissue, and pharmacological analysis showed similar concentration-dependent reductions by noradrenaline in the response of 'diabetic' and control detrusor muscle strips to electrical stimulation. The major contribution from adrenergic nerves to noradrenaline and dopamine levels in the bladder arises from the neck region. That fluorescence histochemical staining for catecholamines changes markedly along a small portion of the bladder neck, in both diabetic and control rats, means direct comparison of fluorescence cannot be made in sections from this tissue. Biochemical measurement of noradrenaline and dopamine levels revealed a threefold increase in the total ,dopamine content per bladder after 2 weeks of diabetes. It has been suggested that increased tissue dopamine levels may be used as an indication of increased adrenergic nerve and tyrosine hydroxylase activity [2] . Should this be the case, the higher dopamine content of 2-week 'diabetic' bladders would imply increased adrenergic activity, resulting in greater contraction of the bladder neck. At present this can only be speculation since SIF cells, which contain catecholamines including dopamine, have been shown to be present in the rat bladder [1] . After 8 weeks there was no difference in the total noradrenaline and dopamine levels of the bladder.
The presence of hypertrophy, distension and increased bladder size in diabetic rats was noted in the present study. Since such features have also been found in non-diabetic rats with increased urinary output [26] , it is postulated these changes occur as a result of polyuria. The results reported here show increased cholinergic nerve activity which, in conjunction with hypertrophy, suggest that the activity of the detrusor muscle has been stimulated shortly after induction of diabetes. The initial sequence of events in streptozotocin-diabetic rats therefore appears to involve polyuria; to enable increased volumes of urine to be passed, the bladder distends and increased cholinergic nerve activity stimulates contraction of the detrusor to raise the frequency of micturition which results in hypertrophy of the detrusor. It can be speculated that before the bladder distends sufficiently to compensate for increased output, adrenergic activity is stimulated in the bladder neck to maintain closure against higher vesicle pressure.
In several clinical studies, it has been suggested that a defect in the sensory innervation of the bladder is the cause of bladder distension and that this may be one of the earliest manifestations of autonomic neuropathy in diabetes [6, 16, 36] . These conclusions have mainly been drawn from the simultaneous detection of increased capacity and diminished bladder sensation to filling in diabetic patients. The present study does not exclude the possibility of damage to sensory nerves occurring shortly after induction of diabetes. It is interesting, however, that chronic overdistension on its own, in the absence of diabetes, can cause decreased sensation resulting in enlarged bladders [24] . Furthermore, functional and ultrastructural changes occur in human and animal detrusor muscles following even single episodes of overdistension [33] [34] [35] . The rapid nature of the changes reported here make it apparent that even in newly diagnosed diabetic patients the bladder may require clinical attention particularly with regard to the avoidance of overdistension. The latter stages of impaired detrusor activity and urinary retention present significant problems in clinical treatment. Pharmacological manipulation has been largely ineffective [32] , intermittent selfcatheterisation has been recommended [32, 38] , and it has been suggested that bladder neck surgery may be required [19] .
Longer term studies are required to determine whether chronic hypertrophy, distension and increased urinary output may make the bladder particularly susceptible to autonomic nerve damage resulting in impaired detrusor function and incomplete bladder emptying. For a complete study of nerve function in the 'diabetic' bladder it is also necessary to include the nonadrenergic, non-cholinergic contribution to detrusor activity [9, 11, 28] . Future studies wilt be extended to longer duration of diabetes and include examination of the pelvic plexus for the abnormalities that have been shown to occur in the diabetic Chinese hamster after 7 months [10] . These abnormalities need to be correlated with detrusor function assessed by biochemical, microscopical and pharmacological analysis in order to determine the significance of neuropathic changes in the autonomic nerves to the latter stages of urinary retention and bladder dysfunction in diabetes mellitus.
